Copper is an essential nutrient for all aerobic organisms but is toxic in excess. At the host-pathogen interface, macrophages respond to bacterial infection by copper-dependent killing mechanisms, whereas the invading bacteria are thought to counter with an up-regulation of copper transporters and efflux pumps. The tripartite efflux pump CusCBA and its metallochaperone CusF are vital to the detoxification of copper and silver ions in the periplasm of Escherichia coli. However, the mechanism of efflux by this complex, which requires the activation of the inner membrane pump CusA, is poorly understood. Here, we use selenomethionine (SeM) active site labels in a series of biological X-ray absorption studies at the selenium, copper, and silver edges to establish a "switch" role for the membrane fusion protein CusB. We determine that metal-bound CusB is required for activation of cuprous ion transfer from CusF directly to a site in the CusA antiporter, showing for the first time (to our knowledge) the in vitro activation of the Cus efflux pump. This metal-binding site of CusA is unlike that observed in the crystal structures of the CusA protein and is composed of one oxygen and two sulfur ligands. Our results suggest that metal transfer occurs between CusF and apo-CusB, and that, when metal-loaded, CusB plays a role in the regulation of metal ion transfer from CusF to CusA in the periplasm.
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copper | periplasmic efflux | X-ray absorption spectroscopy | metal ion transport | host-pathogen interaction A s a consequence of its inherent toxicity, unbound copper is not encountered within the living cell (1). Mammals have evolved to exploit this by exposing bacterial pathogens to high concentrations of copper as part of the innate immune response (2-5). Although this will often kill the invading species, copper tolerance pathways have coevolved in many bacteria (2, 6-9). In Escherichia coli, the chromosomally encoded Cu-sensing (CusS) copper-responsive regulator responds to low micromolar concentrations of free periplasmic copper and silver (10) (11) (12) (13) (14) , and activates the cytoplasmic transcription factor CusR. Activation of CusR results in the production of the periplasmic copper efflux pump CusCFBA, which is specific to cuprous and argentous ions (15) and is essential to copper resistance in E. coli (10, 16) under anaerobic conditions. CusCFBA is composed of the inner membrane-bound proton-substrate antiporter CusA, the periplasmic adapter protein (PAP) CusB, and the outer membrane factor (OMF) CusC (17, 18) . The Cus system is distinguished from other RND-type efflux pumps such as AcrB-TolC and its homologs (19) , both by its association with the periplasmic metallochaperone CusF (20, 21) and by the active involvement of its periplasmic adapter protein. Unlike other PAPs, which are thought to primarily provide structural support, CusB is conformationally flexible and also possesses a metal-binding site within its N-terminal region (22) . Additionally, cusB-knockout strains produce a Cu-sensitive phenotype (22, 23) . CusF and CusB have been shown to freely exchange Ag(I) and Cu(I) toward equilibrium in highly specific protein-protein interactions (24, 25) .
Crystal structures of CusA (26) , CusB (27) , and the outer membrane protein CusC (28) have been reported in recent years together with a structure of the CusBA complex (29) , revealing a stoichiometry of 2:1:1 for the B:A:C components. Although these structures have provided enormous insight into possible modes of metal efflux (30, 31) , the dynamic mechanism of periplasmic metal detoxification by Cus is still undetermined. This is in part due to disorder in the crystal structure of the metalbinding site of CusB (27, 29) and the difficulty of creating an in vitro scenario that includes CusA, CusB, and CusF in biologically relevant conditions. The purpose of our study was to create such a scenario and to determine the method of activation of the CusA pump, thereby defining the exact roles of CusF and CusB in periplasmic Ag and Cu efflux. Recently, a truncated N-terminal CusB fragment (CusB NT; hereafter, CusB) that behaves similarly to native CusB in vivo has been developed, facilitating its study (23) .
X-ray absorption spectroscopy (XAS) is ideal for the investigation of metalloprotein interactions when combined with selenomethionine (Se-Met) labeling of active site methionine (S-Met) residues (32, 33) . By observing the Fourier transform (FT) spectra derived from the Se extended X-ray absorption fine structure (EXAFS), specific holo and apo metallosites within a mixture of proteins can be clearly distinguished. In the Cus efflux system, the metal-binding ligand sets known as of yet are two Mets, one His and a weakly coordinating tryptophan for CusF (20, 21, 24) , and three Mets each for CusB (22, 23) and CusA (26) , respectively. Therefore, the Cus system is an excellent candidate for Se-Met labeling, because all three of the Cus proteins under investigation contain at least two active-site Met residues. We have used this technique previously to monitor metal transfer between labeled and unlabeled versions of CusF and CusB (24) . We now extend this to combine the three key Cus proteins in vitro, in a series of experiments in which either CusF or CusB possess a Se-Met label (Fig. 1A) . In this manner, we Significance Many bacteria produce large periplasmic efflux pumps that impart resistance to excess toxic metal ions. The CusC(F)BA Cu + /Ag + efflux pump in Escherichia coli is one example. This pump's mechanism is elusive because it is composed of four distinct proteins, three of which bind metal. By inserting a selenium probe sequentially into the metal-binding sites of the Cus proteins and loading them with Cu + and Ag + , the bound metal ions could be tracked via X-ray absorption spectroscopy. We found that CusB activates the CusA pump and that CusF is a metallochaperone to CusA. We propose that CusB deactivates CusA once metal ion levels in the cell decrease. These results will aid in combating metal ion resistance by pathogenic bacteria.
were able to track the metal gain or loss by any Se-Met-labeled Cus component. Furthermore, we exploited the ability of the Cus system to bind and transport either copper or silver ions. With the ability to incubate copper-loaded CusF, silver-loaded CusB, and apo CusA in the same reaction, and with the Se-Met XAS spectroscopic probes sequentially placed on one or the other of the metal-loaded proteins, we accomplished a full account of metal transfer by a series of trimetal (Cu, Se, and Ag) XAS experiments.
Results
CusF and CusB Only Exchange Metal Ions When One of the Pair Is an Apo-Protein. Previous work has showed that partially loaded CusF and CusB will freely transfer Ag(I) and Cu(I) toward equilibrium and that these metal-loaded proteins can form a specific proteinprotein interaction, but only if one of them is in the apo-state (24, 25) . However, no work has yet investigated the extent of metal ion exchange when both are fully loaded with metal. To this end, we incubated Ag(I)-loaded, Se-Met-labeled CusB with Cu(I)-loaded unlabeled CusF and monitored the Se-Met CusB Se-Ag EXAFS for any changes in the Se-Ag signal (Table S1 ), such as a decrease in the Se-Ag signal or the appearance of a SeCu interaction (Fig. 1B) . However, we did not observe any evidence of metal ion exchange between the two metal-bound proteins. Any attempt in our models to simulate the presence of Cu in the Se environment as the result of metal exchange between the two proteins resulted in an unrealistic Debye Waller (DW) factor for Cu-Se of 0.040 Å 2 despite allowing the amount of Cu to float freely. Although visually the intensity of the overall spectrum did decrease, this appears to be unrelated to metal transfer and may be due to protein-protein interactions between Se-Met CusB and CusF. These data provided an essential control that when Cu-loaded CusF was incubated with Ag-loaded CusB and apo-CusA in subsequent triprotein transfer experiments (see below), any metal exchange that was observed must be between F and A, or B and A and not due to unproductive reversible exchange between F and B.
Metal Transfer Experiments Using Se-Met-Labeled CusB Rule Out a Metal Relay Mechanism. To define a role for the CusB protein in Cus metal ion efflux, we first incubated apo unlabeled CusA with Se-Met-labeled Cu(I)-loaded CusB to determine whether metal would be transferred from CusB to CusA. The Se-Met CusB Se-Cu interaction at 2.42 Å did not decrease in the Se K-edge FT upon the addition of apo-CusA compared with Se-Met Cu(I) CusB alone (Table S2) . We also tested Ag(I)-loaded SeMet CusB in place of the Cu(I)-loaded protein, and no metal transfer occurred, confirming that CusB alone is not capable of transferring either metal to apo-CusA (Fig. S1 ).
We then sought to determine whether the presence of a metallochaperone activates the transfer of metal from CusB to CusA. We prepared Ag(I)-loaded Se-Met CusB, incubated it with apo CusA, and after 5 min, added Cu(I)-loaded CusF to the reaction. With the Se-Met label on CusB, we looked for any change in Se-Ag coordination at 2.63Å in the FT compared with Se-Met Ag(I) CusB alone, at both the selenium and silver edges (Fig. 2) . The addition of CusF resulted in a ∼30% decrease in the intensity of the Se-Ag signal in the Se K-edge FT. However, we did not consider this decrease to be evidence of transfer from CusB to CusA because if CusB had transferred metal to CusA, a Se-Cu signal from Se-Met-labeled, Cu(I)-CusB would appear as apo Se-Met CusB accepted Cu(I) from CusF (see below).
Metal Transfer Experiments Using Se-Met-Labeled CusF Indicates an
Activator Role for CusB. These initial results described above indicated to us that metal-loaded CusB does not act as a metal relay to CusA but instead must perform the role of an activator of the pump or "on-off switch," as has been previously proposed (30) . That is to say, CusB turns on the CusA pump when it accepts metal from holo CusF and turns it off when the bound metal is released back to apo CusF. Thus, the extent of metal ion binding to CusB will dictate the open or closed status of the CusA pump, and allows for the subsequent delivery of ions from the periplasm.
If CusB acts as a switch in the Cus system, then the metallochaperone CusF may be the primary vehicle of metal ion delivery to CusA during metal ion efflux, but CusF should only be able to deliver if it is also in the presence of metal-loaded CusB. To address this, we incubated Se-Met-labeled, Cu(I) CusF with apo CusA and monitored the Se-Met CusF Se-Cu interaction at the canonical bond distance of 2.38 Å. No change in the Se-Cu intensity was detected compared with the spectra of Se-Met Cu(I) CusF alone, indicating that CusF alone was insufficient for the transfer of metal to CusA (Fig. S2) . However, when we added unlabeled, Ag(I)-loaded CusB to this reaction, a nearly complete disappearance (∼90%) of the Se-Met CusF Se-Cu interaction occurred in the Se FT within the ∼5-min time frame of mixing and preparation of the XAS sample (Fig. 3) . Concurrently, a new peak appeared in the Se FT at 2.63 Å, which we modeled to 0.3 equivalents of Ag(I) ( Table S3 and Fig. S3 ). The appearance of a silver signal was anticipated and served as an important correlate to the previously described Se-Met-labeled CusB data, in which there had been a ∼30% decrease in the Se-Ag signal upon incubation with CusF and CusA (see below). That metal ion is transferred from CusF but only when CusB is in the metal-bound state. These experiments confirm that metal ion is transferred from CusF, but only when CusB is in the metal-bound state. This suggests on-off switch behavior in CusB and may show for the first time (to our knowledge) the in vitro activation of the Cus efflux pump. 
mixture was collected at the Cu edge using the same sample as that used previously at the Se edge. The Cu edge FT revealed a metallosite (Fig. 4) , which was quite distinct from the copper edge spectra of Cu(I)-loaded Se-Met CusF or unlabeled Cu(I)-loaded CusB. This Cu edge spectrum could be modeled by one oxygen/nitrogen ligand at 1.85 Å and two S ligands (most likely from methionine residues) at 2.23 Å, and in all probability corresponds to the "entry" site for Cu(I) on the CusA pump.
Backtransfer from CusB to Apo-CusF Implies Regulation. Given that we had previously shown that CusF and CusB can only exchange metal ions when one of them is in the apo form (24), the prediction was that any apo CusF present after Cu(I) transfer to CusA would then accept silver from CusB. When we incubated Se-Met-labeled, Cu(I)-loaded CusF with Ag(I)-loaded CusB and the apo CusA pump, the copper signal of CusF was replaced by a silver signal at the selenium edge, indicating backtransfer from Ag(I) CusB (Fig. 3) . Importantly, this appearance of a silver signal in CusF could then be matched to the loss of silver signal in the Se-Met-labeled CusB triprotein incubation at both Se and Ag edges, underscoring the usefulness of monitoring all three metal edges (Fig. S4) .
Discussion
CusB Is an Activator or "Switch." The detailed mechanism of the CusCBAF efflux system and, in particular, the role played by the periplasmic adaptor protein CusB has been the subject of considerable debate. Two models have been proposed in the literature-the "funnel" model and the "switch" model (23, 30) . In the funnel model, excess periplasmic copper is sequestered by CusF, transferred to CusB (24) , and then delivered to CusA for extrusion. In the "switch" model, copper loading of CusB induces a conformational change (22) , which allows CusB to bind to CusA and open the entry site on the CusA pump, which is known to be located in its periplasmic cleft (26, 34) . Although both models predict that either CusB deletion, or metal-site mutagenesis should lead to copper sensitive strains-an expectation that has been experimentally verified (22, 23 )-definitive evidence for or against either model has been lacking and is compounded by the fact that the copper-binding N-terminal domain of CusB is disordered in crystal structures of the isolated protein (27) , or its complex with CusA (29) . Existing evidence, although weak, has leaned more toward the switch model, based mainly on projections of the distance of the CusB metal-binding site from the CusA periplasmic cleft (30) , and analogy to structural data on other metal resistance RND adaptor proteins such as ZneB of Cupriavidus metallodurans CH34. The predicted location of the N-terminal copper-binding site of CusB close to the membrane would seem to preclude direct copper transfer to the CusA Met 3 acceptor site identified by crystallography (26, 34) .
In the present work, we developed an approach to distinguishing between funnel or switch. We took advantage of the fact that the RND efflux pump can extrude either copper or silver and labeled CusF and CusB with copper and silver, respectively, whose coordination environment could then be uniquely determined by XAS. In a further refinement of the method, we substituted the Met ligands on either CusF or CusB with selenomethionine, providing a third XAS-detectable label (Se), which would report on the fate of each metal as it interacted with and was transferred through the RND pump. For example, if CusB acted as a funnel, Ag-loaded SeM-substituted CusB should transfer its Ag(I) ion to apo-CusA, resulting in the loss of the prominent Se-Ag signal in the Se EXAFS. On the other hand, if CusB acted as a switch, the Ag ion should remain bound throughout the transfer reaction, and no change in Se-Ag intensity should be observed. Our experimental data show that the latter scenario was indeed observed, thus providing the first definitive evidence (to our knowledge) for the mechanistic role of CusB as an activator or switch, which opens the entry site on CusA, thereby allowing copper access to the membrane extrusion channel.
CusF and CusB May Exchange Metal as Part of a Regulatory Strategy
for Detoxification. Our previous studies of copper transfer from CusF to CusB have demonstrated that the transfer reaction is rapid and reversible (23, 24) , suggesting that the degree of metallation of CusB is dictated by the overall copper flux within the periplasm as sensed by the CusF chaperone. The present observation of backtransfer from CusB to apo CusF after the latter has transferred its copper cargo to CusA strongly supports a mechanism for the Cus efflux system that is finely tuned and responsive to rapidly changing metal ion and environmental conditions. We posit that, as copper and silver fill the periplasmic space under anaerobic conditions, the CusF chaperone acts as a scavenger of metal ions and rapidly fills all available CusB metal-binding sites. Once activated in this manner, CusB affects a structural change, opening the CusA pump to the periplasm and allowing CusF to dock and release its cargo (Fig. 5) . As metal ion concentration in the periplasm begins to return to basal levels, CusF retrieves bound metal from CusB, closing CusA to the periplasm and inactivating efflux.
A Proposed Binding Motif in CusA. Our data also show that metalloaded CusB activates the pump to accept copper from CusF, as evidenced from the complete loss of Se-Cu signal in a mixture of Cu-loaded SeM-labeled CusF, Ag-loaded CusB and apo-CusA. The Cu EXAFS of this preparation then reports on the nature of the entry site on CusA when the system is actively transferring metal. The description of the CusA entry site revealed in these experiments contrasts with the (Met) 3 ligation determined previously from crystals of CusA soaked with excess cuprous ion (26) . Furthermore, we have not been able to replicate the (Met) 3 detergent-solubilized apo-CusA protein with inorganic cuprous ion (Fig. S5) . Rather, our transfer experiment strongly suggests a Met-Met-oxygen/nitrogen-binding site as the product of the triprotein incubation. Close examination of the Cu-incubated CusA crystal structure [Protein Data Bank (PDB) ID code 3K01] reveals that a glutamate residue (E625) is almost equidistant with the longest proposed methionine ligand (M623) at ∼3 Å and appears poised to coordinate with Cu(I) (Fig. 4C) (34) . Additionally, mutation of this residue to alanine was shown to negatively impact copper resistance (34) . Therefore, it is likely that at least two conformations and possibly more can exist within the copper-binding pocket of CusA. The (Met) 2 O/N motif observed in the present work suggests that a dynamic set of Met/oxygen metal-binding sites may coexist and are available to bind the cuprous ion as it moves through the CusA pore and into the large and highly solvated CusC channel.
Mixed Met + O/N ligation is not expected to be a stable ligand set for Cu(I) because the harder (more electronegative) O-donors of amide carbonyls, carboxylates, or -OH groups of serine, threonine, or tyrosine will decrease the reduction potential via stabilization of the cupric state and thus promote oxidation. The preference of Cu(I) for soft bases (His, Cys, and Met) is manifest in the coordination environments of cytoplasmic metallochaperones (35) (36) (37) and the Met-rich sites found in periplasmic copperbinding proteins (38) (39) (40) (41) . However, in the context of Cu(I) transport through membrane channels, kinetic lability may be more important than thermodynamic stability, and indeed high binding affinity is likely to inhibit transport, unless accompanied by energy input that can toggle high-and low-affinity states via conformational change, as has been proposed as a mechanism for intramembrane transport in P1B-type ATPases (42) . Of significance to the present study, the two intramembrane Cu(I)-binding sites of CopA from Archaeoglobus fulgidus were identified as being comprised of sulfur plus oxygen-coordination, with Cys-Cys-Tyr and Met-Asn-Ser ligand sets (43) . Furthermore, an "entry" site comprised of Met-Asp-Glu triad was identified close to the locus where the N-terminal metal-binding domain was proposed to dock onto the transmembrane domain of Legionella pneumoniae CopA (42) and later shown to be important for ATP-driven transmembrane transport from the chaperone CopZ in the A. fulgidus protein (44) .
The preponderance of these mixed sulfur/oxygen ligand environments is an emerging theme in intramembrane metal transport, which may function to ensure that copper is progressively oxidized to the less toxic cupric state as it transits from CusF through the pump and eventually into the large-diameter, negatively charged outer membrane channel CusC (28). Indeed, it is possible that the CusC channel also contains dioxygen molecules, which would oxidize the Cu(I), and extrude it as the nontoxic Cu(II) species. It has been similarly proposed for the CopA Cu + -ATPase in Archaeoglobus fulgidus that the change in architecture of its two transmembrane sites toward increasing oxygen ligands aids in vectorial copper(I) transport from the cytoplasm and likely prohibits backward movement into the cytoplasm (43) . Further experiments are planned to test these concepts.
The complexity of the Cus Ag(I)/Cu(I) efflux pump, as well as the prevalence of copper detoxification systems in Gramnegative bacteria, emphasizes our need to fully explore the underlying bioinorganic chemistry. Studying metal transfer spectroscopically and combining this knowledge with the study of the microbiology of the organism should reveal valuable antimicrobial targets. Our future work entails the extensive kinetic profiling of metal transfer between the three key Cus components and will enrich the structural information provided in the current work.
Summary of Materials and Methods
The CusB NT protein was purified as previously described (20) . The CusA protein was overexpressed in E. coli and harvested using sucrose and Cymal-6 detergent for membrane solubilization and a streptavidin tag for isolation. The CusF protein was purified via Ni-NTA affinity chromatography of the His 6 -tagged construct followed by TeV protease cleavage to remove the tag. All Cu(I)-loaded proteins were prepared anaerobically and by slow addition of Cu[(CH 3 CN) 4 ]PF 6 , followed by exhaustive stepwise buffer exchange to remove any excess Cu(I). All Ag(I)-loaded proteins were prepared in the dark by slow addition of AgNO 3 in Hepes buffer and followed by exhaustive buffer exchange. All protein and metal concentrations were verified by the Bradford assay, the bicinchoninic acid assay, and inductively coupled plasma optical emission spectroscopy, respectively. Proteins were prepared as frozen glasses with 20% (vol/vol) ethylene glycol and analyzed at the Cu, Se, and Ag K-edges by XAS on beamlines 7-3 and 9-3 at the Stanford Synchrotron Radiation Lightsource. Experiments were performed in duplicate, and each of these replicates used newly expressed and purified Cus proteins, to ensure that results were comparable across protein preparations. Full Methods are described in detail in SI Materials and Methods.
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